Viral RNAs produced during viral infection are recognized by the cytoplasmic RNA helicases retinoic acid-inducible gene-I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5). A central adapter protein downstream of RIG-I and MDA5 is the mitochondrial membrane protein virus-induced signaling adaptor (VISA), which mediates the induction of type I interferons (IFNs) through the activation of transcription factors such as nuclear factor-kappaB (NF-kB) and IFN-regulatory factor-3 (IRF3). Here we found that hepatitis B virus (HBV)-encoded X protein (HBx) acts as an inhibitor of virus-triggered IRF3 activation and IFN-b induction. Reporter and plaque assays indicate that HBx inhibits signaling by components upstream but not downstream of VISA. Immunoprecipitation experiments indicate that HBx interacts with VISA and disrupts the association of VISA with its upstream and downstream components. These findings suggest that HBx acts as a suppressor of virus-triggered induction of type I IFNs, which explains the observation that HBV causes transient and chronic infection in hepatocytes but fails to activate the pattern recognition receptor-mediated IFN induction pathways.
INTRODUCTION
Mammalian cells employ a variety of pattern recognition receptors (PRRs) to detect conserved components of infectious microbes known as pathogen-associated molecular patterns.
1 Detection of pathogenassociated molecular patterns by the PRRs of host cells triggers a series of signaling events that lead to the induction of type I interferons (IFNs) consisting of IFN-a and IFN-b family cytokines. 2 Type I IFNs further activate the JAK-STAT signal transduction pathway to induce downstream proteins that inhibit viral replication and mediate the clearance of virus-infected cells, thereby driving the cellular antiviral response. [3] [4] [5] There are three major classes of PRRs, including Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and nucleotide oligomerization domain-like receptors.
1 Viral RNAs are recognized by certain TLR family members, including TLR3, -7 and -8, and RLRs. Recently, it has been demonstrated that viral DNA is transcribed into RNA by RNA polymerase III and that this viral RNA is recognized by RIG-I of the RLR family. 6 The pathways triggered by RLR-mediated recognition of viral RNAs have begun to emerge. The RLR family members RIG-I and MDA5 contain two CARD modules at their N-terminus and a DexD/H-box helicase domain at their C-terminus. The helicase domains of RIG-I and MDA5 serve as intracellular viral RNA receptors, whereas the CARD modules are responsible for transmitting signals to the downstream CARD-containing adapter protein VISA (also known as MAVS, IPS-1 and Cardif). [7] [8] [9] [10] The C-terminus of VISA contains a transmembrane domain that anchors VISA to the outer membrane of the mitochondria, implying an important role of mitochondria in innate antiviral immunity. 8 On the outer membrane of the mitochondria, VISA acts as a central adapter for assembling a virus-induced complex that activates distinct signaling pathways leading to IFN-regulatory factor-3 (IRF3) and nuclear factorkappaB (NF-kB) activation. VISA is constitutively associated with another mitochondrion-associated adapter protein, MITA/STING, which is also essential for virus-triggered signaling. [11] [12] [13] VISA is associated with TRAF2 and TRAF6 through its TRAF interaction motifs.
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TRAF2 and TRAF6 facilitate K63-linked polyubiquitination of receptorinteracting protein and NF-kB essential modulator, respectively. These processes lead to the activation of IkB kinase and subsequent NF-kB activation.
14 VISA is also associated with TRAF3 and TANK-binding kinase 1 (TBK1), leading to phosphorylation and activation of the transcription factor IRF3. In the nucleus, NF-kB and IRF3, as well as other transcription factors and coactivators, collaborate to facilitate the transcription of type I IFN genes. [15] [16] [17] Complicated virus-host interactions occur during the course of a viral infection. The host cells utilize PRRs to recognize viral components that trigger the induction of type I IFNs and other antiviral genes. On the other hand, viruses evolve strategies to evade the host immune system by interrupting IFN-inducing cascades. For example, the NS1 protein of the influenza A virus inhibits the function of RIG-I, thus downregulating type I IFN expression. 18, 19 The V proteins of paramyxoviruses interact with MDA-5 to block its activity, which leads to a reduction in IFN-b promoter activation. 20 The cysteine protease NS3/4A of hepatitis C virus cleaves VISA and the TLR3 adapter protein TRIF, thereby blocking RIG-I-and TLR3-mediated induction of the type I IFNs. 21, 22 The A52 and A46 proteins of vaccinia virus target multiple TIR proteins, including TRIF, to block TLR3-and TLR4-mediated induction of type I IFNs. 23, 24 The results of virushost interactions may determine the outcome of a viral infection: elimination of the viruses or the establishment of successful infection.
Hepatitis B virus (HBV) is the prototype of hepadnaviruses, one of the rare type of DNA viruses known to replicate their DNA by reverse transcription of a viral pre-genome RNA. HBV causes transient and chronic infection of the liver. 25 Unlike most viruses, HBV infection does not induce the expression of antiviral genes in chimpanzees; thus, the virus spreads throughout the liver. 26 Recently, several groups demonstrated that forced induction of type I IFNs by the overexpression of TLR or RLR signaling components inhibits HBV replication in the following experimental systems: in vivo, 27 in mice non-parenchymal cells 28 and in HepG2 and Huh7 cells. 29 The Wu group also determined that Toll-like receptors mediate IRF3 and IFN-b activation and can be inhibited by a high level of HBV replication in HBV-Met cells. 30 These results suggest that HBV has evolved mechanisms to overcome the innate immune response of the host cell.
The HBV-encoded X protein (HBx) is a multifunctional regulator that modulates transcription, signal transduction, cell cycle progression, protein degradation, apoptosis and genetic stability by directly or indirectly interacting with virus and host factors. HBx has been reported to transactivate HBV and other viral promoters. A wide variety of cis-elements, designated as xenobiotic responsive elements, have been documented to be responsive to HBx, including binding sites for AP-1, AP-2, NF-kB, SRF, c/EBP, Ets, ATF1 and CREB. 25, 31, 32 Replication of the HBx-deficient HBV replicon in HepG2 cells was reduced by threefold compared with wild-type HBV, suggesting that HBx plays a stimulatory role in HBV replication. 33 The information on HBx protein continues to grow, although many of the roles and functions of HBx remain controversial.
As HBx is the only regulatory protein encoded in the HBV genome, we speculate that HBx may play a role in IFN signaling. In this study, we found that HBx negatively regulated virus-triggered activation of IRF3 and induction of IFN-b by interacting with VISA and disrupting the VISA-associated complex. These findings provide new insights into the mechanism by which HBV escapes from the host innate immune system.
MATERIALS AND METHODS
Cell culture and reagents BHK and 293 cells were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (ExCell). Tumor-necrosis factor-a and IL-1b (R&D Systems, Minneapolis, MN, USA), mouse monoclonal antibodies against Flag and HA (Sigma, St Louis, MO, USA) and rabbit polyclonal antibodies against IRF3 and MDA5 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were purchased from the indicated manufacturers; SeV and VSV were previously described. 7, 36, 37 Plasmids A plasmid carrying a greater-than-unit-length (129%) HBV genome (payw1.2; subtype ayw) and the same plasmid with a stop codon replacing the coding sequence for amino acid 7 of HBx (payw*7) were previously described. 34, 35 The vector pEGFP-C1 was a gift provided by Yan Wu. Luciferase reporter plasmids for NF-kB, ISRE and the IFN-b promoters, as well as mammalian expression plasmids for HA-or Flag-tagged RIG-I, RIG-I-N, MDA5, MDA5-N, MDA5-C, VISA, TBK1, MITA and IRF3, were previously described. 7, 11, 36, 37 Expression plasmids for human HA-, Flag-or GFP-tagged HBx and RFP-tagged RIG-I, MDA5 and VISA were constructed by standard molecular biology techniques.
Transfection and reporter assays
The 293 cells (,1310 5 ) were seeded on 24-well dishes and transfected the following day by standard calcium phosphate precipitation. In the same experiment, empty control plasmid was added to ensure that each transfection received the same amount of total DNA. To normalize for transfection efficiency, we added 0.01 mg of pRL-TK Renilla luciferase reporter plasmid to each transfection. Luciferase assays were performed with a dual-specific luciferase assay kit (Promega, Madison, WI, USA). In these assays, firefly luciferase activity was normalized to the activity of Renilla luciferase. All reporter assays were repeated at least three times. Data shown are the mean6SD from one representative experiment.
Coimmunoprecipitation, immunoblot analysis, native polyacrylamide gel electrophoresis (PAGE) and VSV plaque assays 7, 36, 37 Coimmunoprecipitation and western blot analysis. For transient transfection and coimmunoprecipitation experiments, 293 cells (,1310 6 ) plated on 10-cm dishes were transfected with indicated plasmids for 24 h. The transfected cells were lysed in 800 ml of lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton, 1 mM EDTA, 10 ml/ml aprotinin, 10 mg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride). For each immunoprecipitation, a 400 ml aliquot of lysate was incubated with 0.5 mg of the indicated antibody or control IgG and 25 ml of a 1 : 1 slurry of GammaBind G Plus Sepharose (Amersham Biosciences, Piscataway, NJ, USA) for 4 h. The Sepharose beads were washed three times with 1 ml of lysis buffer containing 500 mM NaCl. The precipitates were then analyzed by standard immunoblot procedures.
Native PAGE. For endogenous IRF3 dimerization analysis, 293 cells (2310 5 ) plated on six-well plates were transfected with the indicated amount of plasmids. Twenty-four hours after transfection, cells were infected with SeV or left uninfected for 6 h. Native PAGE was performed using Ready Gels J 7.5% as follows: The gel was prerun with 25 mM Tris and 192 mM glycine, pH 8.4, with and without 1% deoxycholate in the cathode and anode chamber, respectively, for 30 min at 40 mA. Samples in the native sample buffer (10 mg protein, 62.5 mM Tris-Cl, pH 6.8, 15% glycerol and 1% deoxycholate) were applied to the gel and electrophoresed for 60 min at 25 mA. Immunoblotting was performed as described above.
VSV plaque assay. The 293 cells (1310 5 ) were transfected with the indicated plasmids for 24 h before VSV infection (multiplicity of infection of 0.1). At 1 h after infection, cells were washed with phosphate-buffered saline three times and then medium was added. The supernatants were harvested 12 h after washing. The supernatants were diluted 1 : 5310 5 and then used to infect confluent BHK21 cells cultured on 24-well plates. At 1 h postinfection, supernatant was removed and 3% methylcellulose was overlaid. At 3 days postinfection, the methylcellulose overlay was removed, and cells were fixed with 4% formaldehyde for 1 h and stained with 0.2% crystal violet in 20% methanol. Plaques were counted, averaged and multiplied by the dilution factor to determine viral titer as PFU/ml. 5 ) were transfected with the IFN-b reporter and HBx expression plasmids. Twenty-four hours after transfection, cells were transfected with poly(I:C) (0.5 mg/well) or left untransfected for 12 h before luciferase assays were performed. payw: a plasmid carrying a greater-than-length (129%) HBV genome (subtype ayw); payw*7: an HBx-deficient version of the same plasmid of payw. HBV, hepatitis B virus; HBx, HBV-encoded X protein; NF-kB, nuclear factor-kappaB; IFN, interferon; ISRE, IFN-stimulated response element; IRF, IFN-regulatory factor; PAGE, polyacrylamide gel electrophoresis; SeV, Sendai virus.
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GCTCCGCCCGCCAGGCT-39; and GAPDH, 59-AAAATCAAGT-GGGGCGATGCT-39 and 59-GGGCAGAGATGATGACCCTTT-39.
Immunofluorescent confocal microscopy. The transfected 293 cells were incubated with MitoTracker Red (Molecular Probes, Eugene, OR, USA) for 30 min. The cells were then fixed with 4% paraformaldehyde for 10 min and observed with a Leica confocal microscope under a 3100 oil objective.
RESULTS

HBx inhibits virus-induced activation of the IFN-b promoter
Various studies have demonstrated that viruses can evade host immune responses by encoding proteins that impair the function of certain antiviral signaling components. In our preliminary screens of several HIV-and HBV-encoded proteins, we found that the HBVencoded regulatory protein HBx could inhibit Sendai virus (SeV)-induced activation of the IFN-b promoter (Figure 1a) . To determine whether HBx is truly an inhibitor of virus-induced IFN-b induction, it is ideal to compare the ability of wild-type and HBx-less HBV to induce type I IFNs. However, HBV-related research is hindered by the lack of an efficient in vitro infection system and the difficulty of obtaining stock virus. As an alternative, we utilized a payw1.2 plasmid, which encodes all of the HBV proteins and is packaged into HBV virus after transfection into mammalian cells. In tandem, we used the same plasmid with a stop codon for amino acid 7 of HBx, termed payw1.2*7 34, 35 In reporter assays, we found that transfection of cells with payw1.2 had no effect on the activation of the IFN-b promoter, whereas transfection with payw1.2*7 weakly activated the IFN-b promoter (Figure 1b) . Interestingly, transfection of payw1.2*7 markedly potentiated SeV-induced activation of the IFN-b promoter, whereas payw1.2 had little effect (Figure 1b) . These results indicate that HBx had an inhibitory effect on virus-induced activation of the IFN-b promoter. Overexpression of HBx also inhibited SeV-induced transcription of endogenous IFNB1 and Rantes genes (Figure 1c) . These results suggest that HBx is a suppressor of virus-induced IFN-b expression. HBx inhibits VISA-mediated signaling XM Wang et al 345
The induction of IFN-b requires coordinated and cooperative actions of IRF3 and NF-kB. We next determined the effects of HBx on virus-induced IRF3 and NF-kB activation. In reporter assays, HBx inhibited SeV-induced IFN-stimulated response element (ISRE) activation (Figure 1d ). HBx also inhibited SeV-induced dimerization of endogenous IRF3 (Figure 1e ), which is a hallmark of IRF3 activation. In contrast, HBx potentiated SeV-induced NF-kB activation (Figure 1f) . These results suggest that HBx suppresses virus-triggered IFN-b expression through inhibition of the IRF3 activation pathway.
In addition to viral infection, HBx also inhibited cytoplasmic poly(I:C)-induced activation of the IFN-b promoter (Figure 1g ), but not tumor-necrosis factor-and IL-1-induced NF-kB activation (data not shown). These results suggest that HBx specifically inhibits virus-and RNA-induced IRF3 activation and type I IFN expression. 2310 6 ) were transfected with the indicated plasmids. Coimmunoprecipitation and immunoblot analysis were performed as in Figure 3a . In (a)-(d), while the expression levels of VISA and VISA-associated proteins were similar, the amount of coimmunoprecipitated VISA was much less after overexpression of HBx. HBx, HBV-encoded X protein; TBK1, TANK-binding kinase 1.
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HBx disrupts the VISA-associated complex Since HBx interacts with VISA, we next determined the effects of HBx on the VISA-associated complex. To do this, we performed competitive coimmunoprecipitation experiments. Eight micrograms each of the indicated plasmids was transfected into 293 cells (2310 6 ). Twentyfour hours after transfection, cells were lysed and cell lysates were immunoprecipitated as above. The results indicated that the interaction between VISA and MDA5 or MITA was obviously inhibited when HBx was co-transfected compared to pRK. Similarly, interactions between VISA and RIG-I or TBK1 were also weakened when cells were co-transfected with HBx, albeit to a lesser degree. Together, these results suggest that an overexpression of HBx disrupts the interactions between VISA and other proteins within the VISA-associated complex, including RIG-I, MDA5, MITA and TBK1 (Figure 4) . Thus, HBx suppresses virus-triggered IRF3 activation and IFN induction by disrupting the VISA-associated complex.
DISCUSSION
The HBx protein has a variety of regulatory functions, such as modulating transcription, signal transduction, cell cycle progression, protein degradation pathways, apoptosis and genetic stability through direct or indirect interactions with virus and host factors. HBx has also been studied as a transactivator of AP-1, AP-2, NF-kB, SRF, c/EBP, Ets, ATF1 and CREB promoters. The exact function of HBx during hostvirus interactions remains controversial. Our current study demonstrates that HBx plays an inhibitory role in virus-triggered IRF3 activation and IFN-b induction, revealing a new function for HBx.
HBV is one of the rare type of DNA viruses that replicate their DNA by reverse transcription of a viral pregenome RNA. Several mRNA sequences, designated pre-S (L), S and X mRNA, are produced for viral protein expression during infection and replication. These RNA products can be recognized by cytosolic PRRs, such as RIG-I and MDA5, and trigger IFN signaling. However, HBV frequently results in a chronic infection and finally HCC, which is partly due to the failure of the activation of IFN signaling during the early stages of virus infection. Recent work has demonstrated that an overexpression of the TLR adapters MyD88 or TRIF, or an overexpression of the RIG-I and MDA5 adapters, inhibits HBV replication in HepG2 and Huh7 cells, suggesting that HBV is sensitive to PRR-mediated IFN signaling and the cellular antiviral response. 29 Our observation that HBx is an inhibitor of virus-triggered induction of type I IFNs provides a mechanistic explanation for the observation that HBV fails to induce type I IFNs.
Virus-triggered induction of type I IFNs requires activation of both NF-kB and IRF3. Our results indicate that HBx inhibits only the IRF3 activation pathway, which is sufficient to inhibit type I IFN induction. VISA is a central adapter of the virus-triggered signaling pathway. Reporter assays indicate that HBx inhibits virus-triggered signaling through the inhibition of VISA. Further, coimmunoprecipitation experiments indicate that HBx interacts with VISA and markedly reduces the interaction of VISA with its upstream components, RIG-I and MDA5, as well as its downstream components, MITA and TBK1. These results suggest that HBx inhibits virus-triggered IFN signaling by disrupting VISA-associated complexes. Previous studies demonstrate that HBV has evolved mechanisms to overcome TLR-mediated IFN signaling. 30 In accordance with these previous studies, the identification of an inhibitory role for HBx in virustriggered IFN signaling helps to explain how HBV evades the PRRmediated innate immune response, which results in viral evasion of the immune system and chronic infection of the host.
